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Preface
Production of this publication has been triggered by the follow-
ing observations:
(a) It is essential to document good accession management
practices that have developed in practical genebank situa-
tions, as part of the process of establishing guidelines for
optimal genebank management.
(b) To date there has been no systematic treatment of issues
related to the genetic composition of genebank accessions.
(c) Genebank operations are becoming increasingly expensive,
not only because of ever increasing collection sizes but also
due to permanently rising labour and recurrent costs and
the introduction of high-cost molecular and information
technologies. This requires new approaches to optimize
genebank operations, for example to benefit from the gains
in productivity and performance now achievable through
the new technologies.
(d) There is a need to ensure that genebank management prac-
tices are indeed optimal, based on appropriate scientific
and economic principles.
Rising costs, falling budgets, developing molecular and in-
formation technologies, changing expectations are rapidly chang-
ing conditions, which present new challenges and opportunities
that genebanks must face. To maximize the genetic and eco-
nomic efficiency of conserving and utilizing ex situ collections of
plant genetic resources, genebanks must develop innovative
approaches more suited to modern conditions and make use of
these opportunities.
This Technical Bulletin deals with one aspect of the broader
objective of helping to improve genebank management in re-
sponse to changing conditions. Specifically, it aims to encourage
discussion and consideration of the optimum genetic composi-
tion of the unit of management that we call the accession: if it is
not optimal, should we split or combine accessions?
The publication is aimed at curators and other genebank staff. It
is meant to be a discussion guide, to provide ideas and sugges-
tions on how management procedures can be improved, and to
point to possible implications of a given management procedure.
It does not aim to provide a definitive theory on composing
genebank collections or on the management of accessions, nor
does it attempt to provide a complete overview of possible ap-
proaches and procedures. The reader is invited to give feedback
to IPGRI (comments, additions, alternative approaches, etc.) on
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any aspect of the contents, and thus contribute to the discussion
started with this publication.
The publication has had a long evolution. Following recogni-
tion of the problem, IPGRI developed an outline plan, which
was revised and developed during a small brainstorming work-
shop in 2000 to create its final basic structure. This led to a first
draft that was presented as a paper and discussed at the Inter-
national Conference on Science and Technology for Manag-
ing Plant Genetic Diversity in the 21st Century (van Hintum et
al. 2001). The first draft was finalized among co-authors, follow-
ing which wide consultation was sought with many other mem-
bers of the PGR community.
It should be noted that IPGRI is currently producing a publi-
cation on germplasm collection management strategies with
very complementary ideas and approaches to this Technical
Bulletin. It addresses conservation strategies in the national and
institutional context, which are broader than the more technical
procedures presented in this Bulletin.
Coosje Hoogendoorn
Deputy Director General Programmes
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1 Introduction
1.1 The need for more effective and efficient
germplasm management
In the past, the strategy for creating collections of plant genetic
resources for ex situ conservation has often been straightfor-
ward: choose a crop, and gather some or all of the available
samples. This approach has resulted in many huge collections.
World-wide, more than six million samples are stored and con-
served as seed and more than half a million are held in field
genebanks, in more than 1300 genebanks (FAO 1996).
After a first period of collecting, documenting and evaluating
accessions, the genebank community has gradually shifted towards
a phase of developing strategies for improving the composition
and management of collections. With increasing numbers of acces-
sions conserved, increasing requirements for regeneration as seed
lose viability and seed stocks become exhausted, decreasing bud-
gets, and the changing role of governments as privatization in-
creases, there is now a need to streamline conservation activities
and increase efficiency. The increasing global emphasis on short-
term solutions has further increased the need to justify and stream-
line long-term conservation, and consequently increased the need
to ensure that decisions are optimal in the long-term.
Optimizing genebank efficiency involves choosing between
many different conflicting demands for limited resources. For
example, allocation of resources to running or improving man-
agement of a genebank must be assessed against allocating those
resources to networking and sharing efforts with other
genebanks. The potential benefits of investment in collecting
new diversity must be judged against investing in better conser-
vation or utilization of existing collections. Such broader issues
are beyond the scope of this publication, which focuses on the
issue of optimizing the genetic information contained in a given
set of accessions (i.e. a collection).
Moreover, genebank management involves many issues that
fall beyond the scope of this publication, such as methods for
viability monitoring, germplasm health issues, and exploiting
new molecular and information technologies. Here we are con-
cerned only with the issue of optimizing the composition of
individual accessions.
1.2 Accessions: optimizing the unit of genebank
management
Decisions on what should be included in a collection and how
the collection is organized are fundamental to efficient operation
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of a genebank. In an ex situ collection, each clone or genotype
may be managed as a distinct entity. More commonly, a
population of genotypes is grouped together and managed as a
single unit. For seed samples of obligate outbreeders, we cannot
manage each genotype as a separate entity, and the management
unit has to be a population of inter-breeding genotypes.
Whatever its composition, this unit of management is termed
the accession.
Grouping different clones or genotypes into a single manage-
ment unit raises the question, ‘What is the optimum grouping?’
This question is not new. Decisions have had to be made con-
cerning the composition of accessions ever since the first
genebanks started conserving germplasm. The decision-making
process starts during the collecting phase (Guarino et al. 1995),
and continues during preparation of the samples for inclusion in
the genebank collection. A good example is the common prac-
tice to separate the different genera or species in a mixed sample.
In many genebanks it stops at that point. Other genebanks go
further, by separating accessions of selfing crops into different
morphotypes (Lehmann and Mansfeld 1957; Hammer et al. 1995).
It is often supposed that the unit of management should
correspond to the sample of seed or plants received for inclusion
in the collection. For example, material received as a single clone
is usually managed as a single clone, and material received as a
genetically heterogeneous population (e.g. a wild population or
mixed landrace) is often managed as a single accession. In some
cases this may indeed be appropriate. For example, to conserve
a mixed landrace we should conserve not just all its component
alleles but all its component genotypes (the combinations of
alleles across all loci) at their original frequencies. Depending on
its breeding system and the traditional system for maintaining
the landrace, and on the conditions or understanding under
which the material was obtained, managing the landrace as a
single accession may be the only acceptable option.
However, a decision to manage each original sample as an
accession is not necessarily optimal for efficient conservation or
for efficient utilization. If the composition of existing accessions is
not optimal, a genebank manager may consider restructuring
accessions. Two options are available: accessions may be split or
combined. The objective of this publication is to help genebank
managers decide what is the optimal composition of accessions,
and whether they should consider splitting or combining.
Increasing emphasis is being placed on reducing costs by elimi-
nating or combining duplicates. It is obvious that if two acces-
sions in a collection are identical in all aspects, one of them is
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redundant and should be removed. However, except for pure
homozygous lines, accessions will very rarely be identical dupli-
cates. Therefore, the question “Are the accessions identical?”
should be reformulated as “Are the accessions sufficiently differ-
ent to justify managing them as distinct entities?”
Combining accessions is irreversible. Depending on breeding
system and genotypic composition and the curator’s knowledge
of the original genotypic composition, splitting may also be at
least partly irreversible. There is therefore a need to consider the
consequences of making ‘wrong’ decisions, and to consider eco-
nomically feasible ways of correcting wrong decisions by keep-
ing ‘backup’ copies of the original.
It is also necessary to have due regard for the principles of the
Convention on Biological Diversity (CBD 1992) and the Interna-
tional Treaty on Plant Genetic Resources for Food and Agricul-
ture (CGRFA 2001). In particular, the sovereign rights of nations
over their biodiversity must be respected. For example, if a cura-
tor would combine accessions from different countries of origin,
this could lead to problems if one of those countries requested
repatriation of their native accessions. It is possible that the only
solution would be that the genebank also keeps the original
samples, possibly in an archive collection. However, since the
exact implications of these international agreements for accession
management are not resolved yet, they will not be considered any
further in this Technical Bulletin.
1.3 Management to achieve genebank objectives
A recurring and fundamental theme throughout this document
is that management decisions depend critically on the objectives
of the genebank, in line with its institutional mandate and mis-
sion. Genebanks differ in their objectives for conservation and
utilization, in the economic constraints under which they oper-
ate and in the completeness of their collections.
For some genebanks, the need to reduce the cost of maintain-
ing existing collections is becoming of over-riding importance.
For others, genetic efficiency and the cost of filling gaps in the
collection remain the primary objectives.
For some genebanks, emphasis is on efficient facilitation and
promotion of the immediate utilization of the active collection
as a working collection for breeding, pre-breeding and research.
In this case, decisions on accession management should be aimed
at maximizing the efficiency of identifying and deploying valu-
able genes to the user community. For other genebanks, efficient
conservation is the primary objective. Many genebanks aim at
both objectives, maintaining an active collection for utilization
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and a base collection under optimal conditions for conservation.
Such genebanks have the opportunity to make different deci-
sions for their active and base collections, optimizing them inde-
pendently for utilization and conservation.
Objectives for conservation also differ between genebanks.
The focus may be on conserving certain combinations of genes
or genotypes, such as landraces or wild populations evolved in a
particular habitat. In this case, decisions on accession manage-
ment must be aimed at maintaining the genetic composition of
each accession as close as possible to its original state. Opportu-
nities for splitting or combining accessions are then relatively
few. Alternatively the focus may be on maximizing the total
genetic diversity conserved in the collection, such as the total
number of alleles or total genetic variance or genetic variance
among accessions. In this case, maintaining the precise genetic
identity of an accession is not as important as ensuring that its
genes remain represented somewhere in the collection. Choices
to split or combine accessions can then be a more important part
of the genebank management process. A single genebank may
span both these objectives. For example, it may hold some acces-
sions that must be conserved in their original genetic state, such
as heritage landraces, or accessions with detailed genetic data
that are valuable only so long as they accurately describe the
accessions. At the same time it may hold other accessions whose
value lies not in their particular genetic composition per se but
rather in their contribution to the total diversity conserved in
the collection. Curators of such genebanks may make different
management decisions for the different types of accession.
1.4 Economic pressures and genebank objectives
Obviously there is a positive correlation between the number
of accessions being maintained and the costs of the genebank
operation; more accessions means each operation must be un-
dertaken more times. The relationship is not perfect since the
cost per accession is not constant, but nevertheless, controlling
the number of accessions is a key consideration in managing
the genebank’s budget. Confronted with increasingly severe
financial limitations, genebanks must look critically at collec-
tion management procedures. The economic pressure is to limit
or reduce the size of a collection, in order to meet the universal
genebank objective of minimizing cost. The task facing the
genebank manager is to reconcile this increasing economic
pressure with other objectives.
The size of a collection may be limited by choosing not to add
new accessions, and reduced by eliminating existing accessions.
14 IPGRI TECHNICAL BULLETIN NO. 5
Taking such decisions constitutes abrogation of responsibility
for conserving those accessions, and as such should be under-
taken only after due discussion with, and agreement of, the
genebank’s funding body, parent organization, user community
and related genebanks. Ideally, it should be undertaken only as
part of rationalization of collections across genebanks, with in-
ter-genebank agreement on responsibilities for conservation to
avoid unnecessary duplication. Such issues are beyond the scope
of this publication.
The only other option for reducing the size of a collection is
to combine accessions. The genebank manager needs to deter-
mine whether this option does in fact reduce costs and whether
it facilitates or conflicts with other genebank objectives. For
example, combining accessions requires additional documen-
tation and could even increase costs per accession for other
operations so much as to increase total costs. It can have major
genetic consequences, such as increasing the loss of alleles or
genotypes during regeneration. The genetic and operational
aspects of combining accessions are dealt with in this publica-
tion.
Conversely, splitting accessions could be economically unde-
sirable because it might increase costs. The general expectation is
an increase in costs because of the increase in numbers of acces-
sions to be managed, although, as discussed in this document, in
certain situations it may reduce costs if it generates accessions
that are easier to manage. It may help improve quality aspects,
such as maintenance of genetic integrity, quality of documenta-
tion and ease of use; but these potential improvements come with
a real economic price to pay. The genebank manager needs to
determine whether splitting brings any quality improvements
and, if it does, whether these benefits are worth the price to be
paid. Genetic and operational aspects of splitting accessions are
also dealt with in this publication.
1.5 The decision-making process
A decision concerning the genetic composition of an accession is
always made, even if only implicitly, at the moment of including
the material as an accession in the collection. Decisions can also
be made at any point in ex situ conservation from the point of
collecting onwards. At the collecting phase, the future desired
composition of the accession could influence the sampling strat-
egy, as will be elaborated in later sections. Decisions can be
made when the collection is being reorganized or restructured
or when the material in the collection is optimized for use.
Decisions can be changed as more information is acquired on
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accessions. If sub-samples for conservation are kept separately
from sub-samples for use, different decisions may be made for
different sub-samples.
Genebank management operations are interdependent; as a
consequence of making a decision for one operation, we may
then have to modify other aspects of genebank management.
The decision for one operation must therefore not be based on
analysis of that operation in isolation, but rather on optimizing
the entire genebank performance. For example, harvesting plants
individually in a regeneration plot can help reduce genetic drift
and shift. However, the higher costs of doing so may make it
economically unacceptable unless we use only a small number
of plants per plot. So if we choose to harvest plants separately to
reduce drift and shift, the consequence is we may have to reduce
the number of parents, which has a genetic cost of increasing
drift. We should choose balanced bulks (see Section 2.3) only if
the genetic benefit for drift and shift exceeds the genetic cost for
drift and the economic cost.
1.6 Structure of document
A conceptual framework for the management of germplasm
accessions is presented in Sections 2–4. Genetic issues of the
conceptual framework are described in Section 2 (i.e. distribu-
tion of genetic variation, correlation between characters, and
reproductive characters), and the operational aspects in Section
3 (i.e. regeneration, characterization, evaluation and documen-
tation, storage, viability monitoring, as well as facilitating use).
Both reasons for and consequences of deliberate changes of the
composition of accessions will be examined in both Sections 2
and 3. Section 4 considers the economics of optimization, for-
malizing the central objective, which is to maximize value at
minimum cost. Based on these concepts, Section 5 presents the
implications for the management of different categories of ac-
cessions, i.e. clones, true-breeding lines and outbreeders. These
implications are illustrated with examples of actual cases where
accessions were combined or split to improve efficiency and
cost-effectiveness. Based on these theoretical considerations and
the actual case studies, Section 6 summarizes some provisional
recommendations.
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2 Conceptual framework: genetic issues
In this section we outline the genetic issues that are relevant to a
decision to split or combine, i.e. the genetic impact of splitting or
combining relative to retaining the original designations. These
genetic issues must be considered in the total context of the genebank
storing the accessions, which includes the biology of the species
concerned, the objectives of the genebank, the economic impacts of
splitting or combining accessions, and the impacts of and conse-
quences for optimal management of accessions.
The evolutionary processes of mutation, recombination, drift,
selection and gene flow form an intrinsic, natural and necessary
part of in situ conservation. The same processes also occur dur-
ing ex situ conservation, except that evolutionary changes occur-
ring in response to the ex situ environment involve qualitatively
and quantitatively different patterns of drift, selection and gene
flow. Their continuation ex situ thus represents a loss of genetic
integrity of the conserved germplasm, which we aim to halt as
much as is economically possible. Remembering that the rate of
evolutionary change tends to be greatest when the environment
and consequent selection pressures change, we expect high rates
of change when a population sample is collected and transferred
ex situ; the challenge to halt the change is therefore difficult.
The principles of ex situ evolutionary change during regen-
eration have been reviewed by Breese (1989). Alleles and geno-
types may be lost from an accession by drift or by selection.
Losses may occur by chance sampling effects when sub-sam-
pling for regeneration or storage, by differential mortality dur-
ing storage or during any stage of the regeneration cycle, and by
differential seed set during regeneration. Losses by drift are
stochastic1 and are highest for rare alleles and genotypes. They
therefore tend to be highest in genetically variable accessions,
since such accessions tend to have most rare alleles and geno-
types. Losses by selection are less stochastic and tend also to be
highest in genetically variable accessions, although for different
reasons and in different ways.2 In general, therefore, the more
variable an accession is, the more difficult is the task of main-
taining its genetic composition intact.
So, if an accession is genetically variable, we may wish to con-
sider splitting it to create two or more new accessions. To justify
splitting an accession, the following conditions must be met.
1 That is they occur by chance. This means that at best we can only deter-
mine the likelihood that an allele will be lost: we cannot determine exactly
when it will be lost.
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1. Splitting must significantly reduce genetic variance and/or
increase the frequency of rare alleles (the subject of this
section).
2. The lower variability of the resulting accessions must sig-
nificantly improve their conservation and utilization (the
subject of the next section).
3. The benefits for conservation and utilization must be worth
the extra cost of managing more accessions (the subject of
Section 4).
Conversely, if two or more accessions are genetically similar,
we may wish to consider combining them to create a single new
accession that is cheaper to conserve or utilize. The key question
to resolve is whether combining two accessions increases vari-
ability to an extent that may interfere with efficient conservation
or utilization. This is a two-part question:
1. What level of intra-accession variability is acceptable or
desirable for efficient conservation and utilization? (The
subject of the next two sections.)
2. How similar must two accessions be to achieve that level of
variability by combining them? (The subject of this section.)
Three major genetic issues determine the effect of splitting
and combining on the genotypic composition of the resulting
accession(s). The first is the distribution of the genetic variation
for a character, the second the possible correlation between
characters, and the third is the role of the character in reproduc-
tion. We shall consider each of these in turn.
2.1 Distribution of genetic variation for a character
The possibility of combining accessions on the basis of a character,
or separating one accession into groups with different genotypes
for a character depends on the ease of scoring the character, the
distribution of its expression, and its genetic background. If it is
2 The theory of response to selection is complex (see e.g. Mather 1973; Mather
and Jinks 1971). The most basic rule is Fisher’s (1930) fundamental theorem
of natural selection, “the rate of increase in fitness of any organism is equal to
its genetic variance in fitness at that time”. Exactly the same principle applies
to artificial selection. Crudely, selection operates through differences in fit-
ness, i.e. differences in reproduction and mortality. The rate of response to
selection for a character is proportional to the heritability of that character and
the strength of selection, and depends also on the mode of inheritance of the
character. Selection for one character will also cause changes in other char-
acters that are pleiotropic expressions of the first or that are genetically linked
to the first. Consequences in terms of probabilities and rates of loss of the
alleles selected against depend further on the mode of inheritance of the
character: for example, recessive alleles are less likely than dominant alleles
to be eliminated by selection.
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difficult or impossible to observe the character state, it obviously
is not a good criterion for combining or separation. If the expression
of the character has low heritability, it is also not a good criterion
for combining or separating.
If the expression of a character within an accession follows a
discrete distribution function i.e. with a number of distinct states,
and each state corresponds to a genotype, and it is easy, cheap
and quick to identify the distinct genotypes, then splitting may be
a workable option. It is still more likely to be a workable option if
the species is inbreeding and the accession comprises a set of
homozygous, true breeding lines. Then splitting may produce
accessions that are pure lines at least for the character concerned.
A small number of states is also better, because a large number of
states would require creation of a large number of new acces-
sions, which would have a high cost.
If the expression follows a continuous distribution, due to a
high environmental effect or a large number of genes involved
in the expression, splitting the accession to form two or more
new accessions is usually less beneficial. Splitting may produce
accessions with lower genetic variance within accessions than
the original, but the extent of reduction is smaller, especially if
heritability is not high. The resulting small reduction in within-
accession genetic variance will in most cases have relatively
small impact on drift and selection, and the increased costs of
maintenance are unlikely to be justifiable. Fitness characters are
an exception to this rule, as discussed below.
The efficacy of splitting is still lower for outbreeding popula-
tions, since they contain heterozygotes with genetic variation
‘hidden’ as recessive alleles in heterozygotes. In this case, even if
identification of parental genotypic states is perfect, the progeny
will include genotypes that do not conform to the parental state.
In outbreeding populations, it is also necessary to avoid inbreed-
ing depression, which may be caused by splitting using too few
plants for a new accession in an attempt to reduce variance.
Conversely, forming one new accession by combining two or
more original accessions may be a workable option if the acces-
sions have similar distributions of genotypes and it is easy,
cheap and quick to identify the distribution of genotypes. This
will result in little increase in drift and selection, or even no
increase if they are identical. It is still necessary for the character
to have high heritability, since otherwise we cannot confidently
measure their similarity. In contrast, the presence or absence of
heterozygotes and outbreeding will not strongly influence a
decision to combine. Accessions should not be combined if they
are homozygous for different discrete states.
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Thus, to be potentially useful in decisions on splitting or
combining accessions, a character must be highly heritable and
easy, cheap and quick to measure. To be useful for splitting
accessions, a character must be present within accessions as a
small number of discrete homozygous states. To be potentially
useful for combining accessions, the character may be continu-
ous or discrete, homozygous or heterozygous; we just need to be
able to quantify genetic variation within and between acces-
sions.
At this point we will have decided either that a character is
definitely not useful for splitting or combining, or that it might
be useful. If it is an agronomically important character but diffi-
cult or expensive to measure, it may be appropriate to split
solely on the basis of that character, as discussed in the next
section. If a character state is rare within a given accession so
that many plants of that accession must be screened to find
another example, it may be appropriate to split opportunisti-
cally when the rare character state is detected. More generally, if
we decide a character might be useful, whether it is indeed
useful then depends on further genetic considerations discussed
in the next two sections.
2.2 Correlations between characters
If genetic variation within an accession for one character is not
correlated with genetic variation in other characters, then split-
ting an accession on the basis of that character is likely to be
relatively ineffective. If the character is present as a small num-
ber of discrete, easily identifiable homozygous states, splitting
will be effective for the character concerned, but without corre-
lations it would not reduce genetic variation within accessions
for any other character. This is illustrated in Fig. 1 (a) and (b), in
which splitting on the basis of character A would not help
reduce variation in character B. The only acceptable reason for
splitting in this situation would be that character A is expensive
to measure or of high importance for current utilization, such
that it is considered desirable to fix the genotype of that charac-
ter regardless of the rest of its genome.
Conversely, if genetic variation within an accession for one
character is correlated with genetic variation in other characters,
the character is more likely to be useful as a basis for splitting
accessions. Splitting an accession in this way first requires that
the character be present as a small number of discrete, easily
identifiable homozygous states, but its efficacy depends on the
magnitude and cause of correlation. Under appropriate
conditions, splitting will reduce variance not only for the
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character concerned but also for the other
correlated characters, as illustrated in Fig.
1(c).
Similarly, knowledge of correlations
between characters is also required for
decisions on combining similar or dupli-
cate accessions. If two homozygous ac-
cessions are historically duplicate (i.e.
derived by random sub-sampling from
the same original seed lot), they would
need to be scored for only a few distin-
guishing characters to confirm whether
they are biologically duplicate. In the
case of outbreeders, and of inbreeders
without prior expectation of being du-
plicates, many more characters are
needed.
Different characters may be correlated
by three mechanisms. First, they may be
pleiotropic expressions of a single gene
locus. For example, genes controlling
‘size’ may simultaneously influence the
size of leaves, petioles, flowers etc. Ex-
pression of pleiotropic characters will
inevitably be correlated. This form of
correlation should be disregarded since
it involves the same loci.
Second, characters may be correlated
through genetic linkage. This occurs
when the gene loci controlling the char-
acters are so close together on a chromo-
some that they tend to be inherited to-
gether. Information on linkage between
genes is becoming widely available in
the form of genetic linkage maps for many
species (e.g. Lombard and Delourme
2001; Ortiz  et al. 2001): defining length in
terms of linkage, chromosomes tend to
Fig. 1. Some hypothetical distributions of character expressions within an accession, illustrating
the importance of correlations between characters. In all cases, character A shows a discontinuous
distribution with two distinct states, and is therefore a potential candidate for splitting accessions.
Splitting into two accessions on the basis of the character state for character A will also reduce
variance within-accessions for character B only in example (c) where the two characters are
correlated.
(a)
(b)
(c)
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be of the order of 100 centiMorgans (cM) in length.3 A few
species have mechanisms that unite the entire genome into a
single ‘supergene’ (such as the translocation ring joining all 14
chromosomes of most species of Oenothera: see e.g. Chapman
and Mulcahy 1997). In this case, splitting by one character will
effectively reduce intra-accession diversity of all characters. How-
ever, this is an extreme case. In most species, only a few charac-
ters will be correlated by genetic linkage, and splitting will help
reduce variance only for these characters.
Thirdly, characters may be correlated by descent from a com-
mon ancestor: all the descendants of one plant share the set of
characters inherited from the common ancestor. For mixtures of
inbred lines or populations of obligate inbreeders or apomicts,
the correlation by descent is complete and the complete correla-
tion spans the entire genome. In these cases, splitting an acces-
sion on the basis of one appropriate character is fully effective in
reducing intra-accession diversity for all loci. For wild popula-
tions of inbreeding species, the correlation will also span the
entire genome but may be less complete because selfing rates are
rarely 100%. Correlation by descent can be increased by forced
inbreeding, e.g. by preventing cross-pollination during regen-
eration, and this can be a useful pre-cursor to splitting.
The genetic neighbourhood area of wild plant populations
(Crawford 1984) is usually remarkably small. It is usually much
smaller than the area sampled as a single accession by collectors
(Sackville Hamilton and Chorlton 1995; Hayward and Sackville
Hamilton 1997). The area sampled may then comprise a set of
genetically distinct, but often overlapping, sub-populations. In
such cases the original sample of collected seed, if treated as a
single population, shows a relatively high level of apparent
inbreeding even if the species is an obligate outbreeder, and
plants from the same sub-population will have high correlation
by descent. One cycle of seed multiplication is enough to re-
move this correlation completely if the sample is grown as a
single panmictic unit. However, depending on collecting and
storage methodology, in some cases it may still be possible to
classify seed according to their original sub-population, and this
can provide a good basis for subdividing samples of variable
3 One cM is defined as the length of DNA separating two genes between
which there is a 1% probability of recombination during meiosis. On aver-
age, 1 cM is roughly equivalent to 106 nucleotide base pairs, although this
varies widely between ‘hot’ and ‘cold’ spots of recombination.
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wild populations, regardless of breeding system, into more ho-
mogeneous units.
2.3 Reproductive characters
Variation in reproductive characters within an accession has a
direct impact on drift and selection, i.e. on random and non-
random changes in genetic composition of the accession.
Micro-environmental variation within regeneration plots re-
sults in drift. For example, if one plant in a regeneration plot
happens to be in a relatively nutrient-rich patch of soil, that
plant may have a higher yield and so contribute more pollen
and seed than the other plants to the next generation. This
represents a chance change in genetic composition of the acces-
sion in favour of the genotype of that plant. Since this is purely a
chance factor, with no systematic bias favouring any plant of
that genotype, by definition it constitutes random drift and not
systematic selection.
Conversely, genetic variation for reproductive characters re-
sults in selection. That is, any genotype that increases male or
female contribution to the progeny generation by definition
results in a systematic increase in frequency of that genotype in
the progeny seed. The direction and strength of selection may
vary with year, location (including location of the regeneration
site and location of the plot within the regeneration site) or
management.
The existence of any kind of heritable variation within an
accession in fitness characters may provide justification for split-
ting it. Conversely, the existence of any kind of heritable varia-
tion between two accessions in reproductive characters may
rule out the possibility of combining them.
For example, the number of flowers produced by a plant is a
major determinant of its male and female contribution to the
progeny generation. Heritable variation in male and female con-
tributions constitutes selection pressure favouring the most pro-
ductive genotypes. The selection also favours any character that
contributes to high pollen and seed production in the regenera-
tion environment (such as plant size, growth rate, developmen-
tal triggers controlling the onset of flowering, thermotolerance
when regenerating in a hot climate, etc). Splitting an accession
into high- and low-yielding genotypes may help reduce the
selection even if the distribution is continuous. The potential
benefit of splitting by fecundity must be compared with alterna-
tive approaches. Alternatives include pruning to equalize the
number of flowers or inflorescences, and taking a balanced bulk
(i.e. harvesting seed separately from each mother plant, taking
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an equal number of seed from each and bulking them to form
the accession). A balanced bulk eliminates both drift and selec-
tion through female contributions but does not control male
contribution, whereas splitting reduces both female and male
fitness differentials but does not control drift.
Another important character is maturity date. If intra-specific
genetic diversity for maturity date is high, there may be no
single satisfactory harvest date. An early harvest will select for
earliness by eliminating the late plants. A late harvest may select
for lateness if ripe seed drop from the early plants before har-
vest. An intermediate harvest may lose variation by eliminating
both early and late plants. Splitting an accession by maturity
date may help reduce such selection. As with other reproductive
characters, it will also reduce selection for all characters that
contribute to earliness or lateness. An alternative approach is to
take multiple non-destructive harvests, ideally all of the same
size.
In summary, splitting accessions can improve conservation
only if it is highly effective in reducing variation within acces-
sions. This condition applies primarily to inbreeding species,
but in the case of reproductive characters it can be used for a
wider range of species. Combining accessions can be economi-
cally desirable and genetically acceptable for all types of species,
but only if the economic benefits of combining exceed the costs
of identifying which accessions to combine. This means it must
be easy to quantify genetic variation within and between acces-
sions, and there must be some prior expectation of duplicity (i.e.
identical passport data), so that observing genetic duplication
for a few alleles can be extrapolated to assume genetic duplica-
tion at all alleles.
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3 Conceptual framework: operational issues
3.1 Introduction
Splitting increases and lumping decreases the number of ac-
cessions in a collection. This has direct implications for all
aspects of genebank management. In general, increasing the
number of accessions will increase the number of times each
operation must be repeated, so that splitting accessions will
tend to increase the cost of all genebank operations. If the
genebank’s budget is fixed, the curator cannot increase the cost
of genebank operations; then increasing the number of acces-
sions can be accommodated only by reducing the resources
that are available for conserving and utilizing each accession.
However, this universal effect has to be balanced with other
effects, which can be slightly more complicated. For example,
if management protocols can be simplified for genetically uni-
form accessions, a large number of uniform accessions may be
cheaper to conserve than a small number of variable acces-
sions. Thus there is not a simple direct relationship between
the size of a collection and the cost of maintenance, and total
cost of conserving many uniform accessions is not necessarily
higher than that of conserving fewer more variable accessions.
These effects will be discussed below separately for routine
genebank activities.
3.2 Regeneration
The main issue here is maintenance of the genetic integrity of
the accession during regeneration, and the price to pay. The
greater the number of accessions, the less input for regeneration
per accession is available for a given genebank capacity. But
reducing the number of accessions by lumping usually increases
diversity within the accessions; and the more diversity within
the accession, the higher the magnitude of shift and selection if
not properly managed. Choosing to split or combine accessions
may therefore require changes to the regeneration protocol
(Sackville Hamilton and Chorlton 1997), and consideration of
the costs and implications of these changes must be included in
the decision-making process.
3.2.1 Maintaining genetic integrity
The major threats to loss of genetic integrity during regenera-
tion are drift as a result of random effects, selection as a result of
a higher fitness of some genotypes, and contamination with
alien pollen or seed (Sackville Hamilton and Chorlton 1997). In
general, the more diversity there is in an accession, the higher
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the threat of drift and selection, and the more difficult it is to
recognize contamination. At one extreme, for an accession con-
sisting of one homozygous genotype of an inbreeding species
(e.g. a modern variety of barley) there is no risk of loss of genetic
integrity by drift or selection. The only risk is of contamination
by mechanical mixing with seed other accessions, and the re-
generation protocol must be chosen to minimize that risk and to
identify contaminants.
For a mixture of genotypes (irrespective of whether homo–
zygous or heterozygous, inbreeding or outbreeding), care must
be taken to ensure that the composition of the accession stays
the same. The regeneration protocol should seek to avoid selec-
tion and drift, since both processes will result in a change of the
frequencies of genotypes, or even the loss of genotypes. Further-
more contamination is more difficult to detect since the acces-
sion already contains different types. Therefore, maintaining
genetic integrity of a heterogeneous accession is more demand-
ing than for homogeneous homozygous accession, and can there-
fore be more expensive.
Splitting one heterogeneous accession to create several more
homogeneous accessions might prove beneficial for achieving
these aims with the given resources, particularly with inbreed-
ing species. If the process of splitting is taken too far with
outbreeding species, there is a risk that the resulting relatively
uniform lines will suffer inbreeding depression.
However, even for an ‘easy’ crop such as barley, maintaining
the genetic integrity of genebank accessions can prove very
difficult. A recent study revealed that the effective population
size in barley regenerations using an estimated 600 plants, was
only 4.7 (Parzies et al. 2000). van Hintum and Visser (1995)
showed that duplicate barley accessions had developed into
quite different mixtures in different genebanks. Both studies
looked at the consequences of historical protocols, and therefore
may not accurately reflect the consequences of modern regen-
eration protocols.
3.2.2 Prioritizing prevention of contamination, selection and drift
Different measures are required to prevent contamination, se-
lection and drift. This means that, with limited resources, the
curator may have to choose which component is most important
to prevent. For example, avoidance of drift involves the use of a
large number of parent plants, but increasing the number of
plants per accession reduces the resources that can be invested
in each plant, and this may prevent effective application of
measures to control contamination and selection.
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This need for prioritizing the factors causing loss of genetic
integrity complicates the decision on whether regeneration pro-
tocols should be altered following splitting or lumping. Part of
the decision-making process should include a consideration of
whether the curator should also change the relative priorities
attached to contamination, selection and drift.
In some cases, a valid strategy is to use a small number of
plants per accession despite the resulting greater loss of diver-
sity due to drift. The reason for this is the easier management of
the regenerations: less space is needed per accession and more
care can be taken per accession. For example in one case curators
chose to take only 30 plants per accession of the outbreeding
ryegrass, so that using balanced bulks and isolation chambers
became economically feasible. Possible drift is accepted, since
eliminating pollen contamination and reducing selection were
considered higher priorities.
In another case, a curator chose only eight parent plants per
accession of the inbreeding crop lettuce. The intra-accession
diversity was considered small and relatively unimportant, and
the cost per plant was very high as a result of the complicated
and expensive treatments of the individual plants during regen-
eration such as cutting the heads, GA3 treatment, staking, etc.
The acceptance of drift allowed inclusion of a considerably higher
number of accessions in the collection.
3.3 Characterization, evaluation and documentation
Intra-accession variation complicates efforts to describe and
record character states. Although some systems for recording
this diversity have been devised, it remains a problem for both
qualitative and quantitative diversity. As a result, it is often
neglected although the deviating minority genotypes might de-
termine the value of an accession. Furthermore the experiments
needed for efficient description of intra-accession diversity re-
quire more plants and are therefore more expensive than those
where only the majority or the average is described.
3.3.1  Qualitative characters
To be able to score intra-accession diversity of qualitative char-
acters, the experiment should allow the expression of differ-
ences between the character states. Depending on the genetic
background and the minimum frequency that should be de-
tected, a considerable number of plants may be needed to reli-
ably detect an allele. For example, if a recessive allele occurs at a
frequency of 5% in a panmictic population, 1197 plants must be
observed to be 95% sure that the allele is detected.4
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Moreover, once the intra-accession diversity is observed, the
question arises how it should be recorded and documented.
Several systems have been devised to solve this problem, in-
cluding a scoring protocol that denotes the presence of diversity
without specifying what, the recording of estimates of the fre-
quencies of each score, or intermediate approaches (e.g. Rana et
al. 1991; van Hintum 1993). Further complications arise at the
point that the scores need to be retrieved, e.g. how to query the
database, how to extract data in a form suitable for statistical
analysis, how to combine data scored or stored following differ-
ent systems.
3.3.2 Quantitative characters
In the case of quantitative characters there is another problem
connected to intra-accession diversity, namely that environmen-
tal variance is entangled with genetic diversity. Large scale
experiments are needed to quantify the genetic component. This
is very rarely done, and consequently within-accession varia-
tion for such characters will often simply be neglected alto-
gether.
Splitting accessions into more homogeneous accessions may
help reduce these problems, especially for inbreeding species.
The extra costs of evaluating heterogeneous accessions need to
be assessed against the cost and genetic efficiency of separating
accessions into uniform components. In the case of lumping
accessions, care should be taken that these problems are not
created or aggravated.
3.3.3 Documenting management decisions
A choice to split or combine of accessions itself needs to be
documented. Data on the original accession(s) should be re-
tained on the curator’s database regardless of whether seed of
the original accession(s) are retained in the seed store. Pedigree
information must be recorded relating the new to the original
accession(s). Some of the required data elements should already
be available in the database, such as who did it and when. The
database manager may need to establish new elements of pedi-
gree information, such as the reason and methodology for split-
ting or combining.
4 The chance of finding a phenotype occurring with the frequency fp in a
sample of n plants is 1–(1–fp)n. The frequency of a phenotype (fp) corre-
sponding with a homozygous recessive allele occurring with frequency fg
in a panmictic population will be fg
2
.
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3.4 Storage
The most obvious effect of splitting or lumping accessions on
the storage of genetic material will be, as for other operations,
that of the numbers of accessions. It can also have implications
for other aspects of storage.
3.4.1 Number of seeds per accession
The minimum number of seeds that must be stored and distrib-
uted depends in part on the requirement to maintain the genetic
diversity within the original sample, and to distribute that same
range of diversity to users. If there is no diversity in the acces-
sion, or the curator accepts the loss of diversity, the minimum
numbers can be smaller. This might be relevant especially in the
case where the size of the seeds determines the capacity of the
collection or where the size of container limits the number of
seeds that can be stored for each accession. If the crop is inbreed-
ing, it might be preferable to split the accessions up into homo-
geneous sub-samples. This would allow the curator to regener-
ate on the basis of only the number of plants needed for suffi-
cient seed production, and to send users only very few seeds.
3.4.2 Active and base collections
Many genebanks maintain separate active and base collections.
The base collection is held in optimal conditions for long-term
storage, and exists for optimal conservation. The active collec-
tion exists to facilitate utilization, and is held in conditions
where access is easy.
The existence of more than one seed sample of each accession
raises the possibility that different management decisions can
be applied to different samples. For example, if combining ac-
cessions facilitates utilization but adversely affects the quality of
conservation, the curator may consider combining them in the
active collection but retaining the original accessions in the base
collection.
This concept can be taken further as an insurance against
wrong decisions. For example, if two accessions have been iden-
tified as duplicates and therefore combined, the curator may
consider ‘archiving’ small samples of the original accessions in
optimal storage conditions along with the base collection. Then,
if future evidence suggests the decision to combine was wrong,
the curator can revert to the original accessions. Such a decision
is feasible where the marginal costs of archiving is low, for
example where the long-term storage facility has unused space
available. The process of identifying duplicates will usually
involve a statistical analysis that enables a degree of confidence
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to be attached to the statement that two given accessions are
duplicates. To reduce costs of archiving, a curator may choose to
archive the original accessions only for the decisions where the
level of confidence is relatively low.
3.4.3 Multiple containers
A completely different implication of accession management on
seed storage relates to the conservation of wild populations that
are subdivided into genetically distinct sub-populations. Stor-
age of the population sample in a single container loses this
genetic population structure, permits random crossing between
genotypes that would not normally cross and therefore creates
new recombinants, and a panmictic population that is more
variable than the original subpopulations and that is therefore
subject to greater drift and selection.
An option to help overcome this problem is to use a different
container to store the seed of each subpopulation in the base
collection while managing the entire population as a single
accession. That is, seed of all subpopulations would be mixed to
form a single seed sample in the active collection, and documen-
tation and utilization would be based on the entire population.
Repeat regeneration for utilization would involve taking an
equal number of seed from each subpopulation to form a mixed
parental generation. Benefits of such a system include improved
control of drift and shift during regeneration, and the potential
to study genetic subdivision of populations. It may be justified if
the additional costs are low.
An alternative option is to split into sub-populations com-
pletely and maintain each as a different accession. The addi-
tional costs of doing so are potentially high, since the number of
accessions to be regenerated, documented and characterized is
multiplied by the number of subpopulations. It may be justified
if the population comprises a small number of highly distinct
sub-populations.
A decision on use of multiple containers must be made at the
time of collection, since once seeds are mixed, it is not possible to
return to the original subdivided population structure.
3.5 Monitoring viability
The main issue here is that splitting or combining directly af-
fects the numbers of seed lots whose viability must be moni-
tored. One additional point, however, needs to be raised. In the
case of variable accessions, there might be a difference of viabil-
ity between the different components. Consider the case of a
mixture of two genotypes, of which one occurring in 90% ‘stores
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well’, and the other with frequency 10% ‘stores less well’. At a
certain moment in time the small fraction will have completely
died whereas the viability test does not indicate the necessity to
regenerate.
In theory this danger could be reduced by reducing the intra-
accession diversity, although this is likely to be difficult. Detect-
ing intra-accession diversity for seed longevity is exceptionally
expensive and slow. Splitting on the basis of other characteris-
tics will not reduce intra-accession diversity for seed longevity
unless they are correlated, such as in the case of mixtures of
homozygous lines. Moreover, non-genetic variation in seed stor-
age characteristics, e.g. associated with harvesting at different
stages of seed maturity, can mask any genetic variation in some
species. Therefore, it is generally not cost effective to attempt to
reduce this danger.
An equivalent situation can arise when combining accessions
if the seed lots being combined have different seed quality. This
situation should be avoided by always rejuvenating seed before
combining to ensure the same seed quality.
3.6 Facilitating use
Facilitating the use of genebank material is a key element in
genebank operation. For the user the quality of a genebank
depends to a large extent on the ease of use of the conserved
germplasm. Combining or splitting accessions can have a direct
effect on this.
3.6.1 Single plant selections in bulked accessions
If the user is looking for character states that can be observed
from single plants in a population, there might be a preference
for highly variable accessions, allowing the screening of many
plants from a limited number of accessions. If a collection con-
sists of 1000 accessions that can be classified in 50 groups, it
might be an option to include in the active collection 50 bulked
samples each containing all accessions within the each group. A
user might prefer to evaluate the 50 bulked accessions rather
than the 1000 individual accessions, if the character states of
interest can be more easily found in the bulked samples. This is
likely to apply only for highly visible character states such as
disease resistance in a heavily infected plot, and only where it is
possible to easily to recognize individual plants within a plot,
and only if the scoring system is tailored to recording individual
plants. The system may also have benefits for the curator, since
it reduces the number of accessions that need to be distributed.
The curator will need to consider whether all users prefer to
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evaluate bulked accessions, or whether it is necessary to retain
the original as well as the bulked accessions in the active collec-
tion.
Maintenance of genetic integrity of the bulks is likely to be
more difficult. The curator should therefore consider bulking in
the active collection only, and retaining the unbulked accessions
in the base collection.
3.6.2 Evaluating whole populations
Many characters are scored on whole populations rather than
single plants, by choice or necessity. It is necessary in grass
swards because it is difficult to distinguish single plants within
a dense population. It also applies for characters where the
contrast between desirable and undesirable genotypes is not
visually striking, so that it is difficult to detect elite plants within
a population. It also applies where the user’s methodology is
based on scoring whole populations, and observing individual
plants is inconvenient. In all three cases, alleles present at low
frequency will not be detected, and identifying elite populations
from among a large number of relatively uniform accessions
will be more efficient than trying to identify elite individuals
within a few populations.
In these cases, improving the quality of genebank accessions
from the user perspective can involve selections within acces-
sions or splitting accessions into more homogeneous groups.
In addition, modern varieties must be genetically uniform.
When using landraces or wild populations, breeders have to
select for uniformity. In this case, splitting variable accessions
constitutes pre-breeding that helps achieve the level of
intra-accession diversity that the breeder requires.
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4 Conceptual framework: economic issues
4.1  Introduction
Analysis of the costs and benefits of genebank operations is
fundamental to efficient genebank management. In the context
of this document, we need to know quantitatively the economic
implications of splitting or combining accessions, relative to
leaving them ‘as is’. However, no simplified methodology is
on hand that genebank managers can use to conduct a
comprehensive cost-benefit calculation. This is because of
conceptual and measurement problems associated with the
benefits calculation. There is sufficient methodology, however,
to enable genebank managers to conduct a thorough analysis
of costs. With this methodology, managers can assess the
relative cost of their operations. Moreover, the methodology is
an appropriate one when managers have the objective of
minimizing costs subject to maintaining some level of viable,
genetic diversity. For this section we will briefly summarize
what is known, highlight what is missing from our economic
understanding and then outline the issues that should be
addressed.
4.2 A basic economics of genebank operation
The most comprehensive information available to date details
the costs of conservation as estimated by compiling data from
records kept by genebank managers (Burstin et al. 1997; Epperson
et al. 1997; Pardey et al. 2001). Pardey et al. (2001) give compre-
hensive details of the production economics theory and calcula-
tions they have used to construct cost estimates for the maize
and wheat genebanks held at CIMMYT. The essential notion of
production economics is that outputs are produced with some
combination of inputs. The institutions and technological envi-
ronment that prevail at a point in time predetermine the combi-
nation of inputs, though these factors change over time. Applied
to the case of a genebank, the inputs of labour, equipment, and
acquired seeds are processed to produce outputs in the form of
stored, viable seeds and accompanying information. Properly
stored seeds and relevant information can be disseminated im-
mediately for current use, or placed in the storage facility as
options that can be exercised (repeatedly if necessary) in future
years.
4.2.1 Costs categories
Costs of inputs to the genebank operation are broadly classi-
fied as variable, capital, and quasi-fixed. Variable inputs are
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those that are sensitive to the size of the operation, capital
inputs as those that are not, and quasi-fixed inputs as a group
of inputs that are neither fixed nor variable, but ‘lumpy.’ A
quasi-fixed input is ‘lumpy’ in the sense that it is a discrete,
indivisible unit that cannot be adjusted easily with fluctua-
tion in the extent of genebank operations; it is variable in that
it is more easily adjusted than a capital item such as the
building itself. In the framework outlined by Pardey et al.
(200), skilled labour with scientific
expertise, such as the genebank man-
ager and laboratory scientists, are
classified as quasi-fixed inputs.
Technicians and temporary workers,
or those paid on an hourly basis, are
treated as variable labour inputs.
Over a sufficiently small size
range—i.e. the size range over which
we would not alter the complement
of skilled labour—quasi-fixed inputs
can be regarded as fixed, so that
costs can be classified simply into
fixed and variable.
Consider the effect of varying the
size of the genebank operation (Fig.
2). By definition the fixed costs do not
vary with size, so are represented by
a horizontal line on a plot of total cost
vs. size. Some variable costs would
vary in direct proportion to the size of
the operation; for example the number
and therefore total cost of labels used
for regeneration plots will increase in
direct proportion to the number of
accessions regenerated each year.
However, overall the ‘law of
diminishing marginal returns’ is
typically assumed for production
factors as the size of the operation
becomes large. This law reflects the
classical proposition, still widely
recognized as empirically valid, that
the physical productivity of an
individual factor, such as labour,
declines as more is added while all
other inputs are held constant.
Fig. 2. Hypothetical breakdown of the total costs of
running a genebank into fixed and variable costs,
as a function of the number of accessions held in
the collection.
Fig. 3. Hypothetical average and marginal costs
per accession. The values correspond to the case
depicted in Fig. 2.
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Diminishing marginal returns is reflected in Fig. 2 in as an
upwards curvature in the line for total variable cost towards the
right of the graph.
4.2.2 Costs per accession
Costs per accession can be expressed in two ways (Fig. 3), as
average and marginal costs.
The marginal cost per accession is the increase in total cost of
the genebank caused by adding one more accession to the col-
lection. By definition this increase in cost involves only variable
cost elements. The law of diminishing marginal returns is re-
flected in the increase in marginal cost as the collection becomes
large.
The average cost per accession is the total cost of running the
genebank divided by the number of accessions in the collection.
It has two components, average fixed cost and average variable cost.
Average fixed cost is the total fixed cost divided by the number
of accessions, which, because total fixed costs are constant, mono-
tonically decreases as the number of accessions increases. By
contrast, average variable cost is in general U-shaped. As the
number of accessions increases from a small size, the operation
becomes more efficient and average variable cost decreases.
After a certain minimum level of cost, it increases with the
number of accessions due to excessive use of variable resources
given fixed factors.
Because of the fixed costs, average cost per accession typi-
cally decreases as the size of the collection increases. It reaches a
minimum at the point where average cost = marginal cost. Above
this point, average cost increases with the number of accessions,
but this reflects excessive and inefficient use of variable re-
sources for a given level of fixed costs, and genebanks should
not normally operate in this region.
4.3 Limitations of economic theory
We identify two particular difficulties that restrict our ability to
apply a simple formula in order to optimize the composition of
accessions: the quantification of cost per accession and the quan-
tification of benefits.
4.3.1 Cost per accession
Published estimates of costs based on records kept by genebank
managers (Burstin et al. 1997; Epperson et al. 1997; Pardey et al.
2001) are for total costs of running the genebank. From this
information, the average cost per accession can be easily and
accurately calculated.
Accession management 35
On the other hand, marginal costs are difficult to estimate.
They cannot be calculated from genebank managers’ financial
records even with a long time series of historical data. The
genebank manager does not keep records of what the genebank
would have cost if one more or one less accession had been kept
during year—yet that is the information needed to calculate
marginal costs.
Yet for the purpose of guiding management decisions, what
we need to know is the marginal cost, not the average cost per
accession. If we need to choose whether to change from action A
to action B for an accession, the average costs of actions A and B
are irrelevant. Instead, we need to know what would be the cost
saving achieved by not doing action A, and the marginal extra
cost of doing action B instead.
Economists typically apply theoretical principles to make
assumptions that allow estimation of marginal cost. One of three
assumptions can be made as follows.
(i) Over the relevant size range, marginal costs are constant.
(ii) Curators are operating at the most efficient point possible,
where average costs have reached a minimum level. At this
point, marginal cost equals average cost.
(iii) Fixed cost items (capital or quasi-fixed inputs) are utilized at
a less-than-full capacity. In this case, marginal costs are
always less than average cost.
For practical purposes, the third case is generally assumed
and the average costs are interpreted as upper bounds of the
corresponding marginal costs. However, clearly this is not en-
tirely satisfactory.
4.3.1 Benefits
Much of this document is concerned with genetic impacts, on
the assumption that improving conservation of genetic diversity
has a value and a benefit. To choose an optimal conservation
strategy by maximizing benefits relative to costs, we must be
able to quantify benefits. How can this be achieved?
Conceptual advances in estimating benefits have been
hindered by the fact that crop genetic resources generate values
with multiple dimensions. Progress in empirical analysis has
also been hampered by measurement difficulties, since only
some dimensions of the value of crop genetic resources are
revealed in market prices. The value derived from crop genetic
resources is broadly categorized as use value and non-use value .
Sometimes referred to as existence values, non-use values reflect
the satisfaction individuals or societies may derive simply from
knowing that something exists, independently of whether it is
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used (Krutilla 1967). It is difficult to imagine, however, that
many people, other than a few specialists, derive pleasure only
from being assured that crop genetic resources are housed
somewhere in a genebank. Instead, crop species are conserved
precisely because they are thought to embody alleles of potential
use to human society. Most value associated with the accessions
in a genebank collection is derived from their use rather than
their mere existence. Use value includes current use value  and
expected future use value , as well as the value of retaining the
flexibility to respond to some unknown, future event—called
option value . Overviews and surveys discussing the sources of
economic value in crop genetic resources are numerous, including
Pearce and Moran (1994) and Swanson (1996).
Both current and future use values can be estimated through
market prices when a product or good, such as grain or seed, is
traded. We can use forms of ‘hedonic analysis’ to ascertain the
current value for productivity enhancement of crop genetic re-
sources embodied in crop varieties (Evenson et al. 1998). A
genebank collection, in contrast to a breeder’s working collec-
tion, exists to a large extent in order to respond to future, unfore-
seen challenges, and therefore the expected future use value of a
genebank collection is an important component of its total value.
We can, with some methodological difficulty and a number of
caveats, calculate a present value of expected future benefits from
direct use of germplasm in crop improvement. We do so by combin-
ing the probability of finding useful material with its predicted
productivity benefit once it is found and incorporated into new
varieties. The time required to search for and incorporate useful
genes into well-adapted germplasm affects the magnitude of
expected benefits in a major way because of the time value of
money.
Option value is similar to expected future use value concep-
tually, but distinct from it in practice. For example, we might use
the past incidence of changes in rust disease pathogens or other
major pest outbreaks to predict the expected future value of
certain types of accessions as sources for new sources of resis-
tance for a known pest. However, there are some pests and other
environmental events for which we have no prior knowledge at
all. Accessions, and collections of accessions, can have option
value related to this uncertainty—but determining its magni-
tude is difficult.
Crop genetic resources are public goods and market prices
generally fail to capture the full value of public goods. While
recent changes in intellectual property rights may alter the pub-
lic good nature of crop genetic resources, the problem of relying
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on market prices to assign value to streams of direct use benefits
from utilization of accessions in crop improvement is likely to
persist. Finally, there are many current and future uses of
genebank accessions other than their direct use in breeding new
crop varieties—and many of these are contributions to other
types of public goods, such as knowledge.
Alongside conceptual overviews of the sources of value, sev-
eral theoretical economic models have analysed the value of
genetic resources (For example, Brown and Goldstein 1984;
Weitzman 1993; Polasky and Solow 1995; Simpson et al. 1996;
Evenson and Lemarié 1998). By contrast, there are few pub-
lished examples that use empirical data to estimate the value of
genebank collections. Evenson and Gollin (1997) traced the flow
of rice germplasm from the International Rice Research Institute
into improved varieties grown in the developing world, and
estimated that adding 1000 accessions to the collection was
associated with annual income of US$325 million in present
value terms. Gollin et al. (2000) studied several cases of the
search for resistance among germplasm stored in a wheat collec-
tion at CIMMYT genebank, drawing inferences about the opti-
mal size of collections and the conditions under which marginal
accessions may or may not have high value. Zohrabian (2000)
estimated the lower-bound value of an additional accession in
the U.S. soybean collection, concluding that while the absolute
value may not be great in absolute terms, it more than justified
its cost.
Unfortunately, none of the above treatments of value ad-
dresses the question of how much the use value might be in-
creased by improving the genetic efficiency of conservation.
Part of the problem lies in the need to estimate the expected
benefit B in terms that can be compared with the cost C. That is,
we must be able to assign a value in monetary equivalents (a
price in some currency) to all of the multiple dimensions of
benefits mentioned above. In fact, most genebank managers face
fixed budgets in the short-term. Their objective in such circum-
stances is to maximize expected net benefits given their budget
constraint, or to be as ‘cost-effective’ as possible in their man-
agement. In that case, regardless of how they measure benefits,
if expenditures are fixed, they can pursue their objective by
choosing the strategy that maximizes expected benefits for the
outlay. Stated differently, they can maximize the ratio of ex-
pected benefits to costs. It is important, however, that costs be
calculated correctly, as outlined in the next section. Benefits
could be measured by whatever criterion we judge appropriate,
which in the case of genebanks means some measure of genetic
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efficiency of conservation and utilization, rather than a figure
expressed in monetary terms. Then management decisions should
be based on comparing the expected benefits associated with a
set of options, all of which have the same total cost.
However, even so, benefits of genebanks, and more especially
the options available to us for measuring genetic efficiency, are
multi-dimensional. For example, maximizing genetic efficiency
embodies, inter alia, the following components: minimizing drift,
minimizing selection, maximizing the number of distinct alleles
conserved, maximizing between-accession genetic variance,
minimizing the genetic distance between the current and original
seed samples of each accession, and maximizing the ease of
identifying and locating an allele in the collection. If we could
quantitatively assess the relative impacts of each of these on
current and expected future use values, we would be able to
derive a single objective function to maximize. However, this is
not currently possible. We do not know which component of
genetic efficiency is most important, yet without this knowledge
we cannot identify the management that will maximize expected
benefits.
In practice this brings us back to the need to establish clear
genebank objectives in the context of the genebank’s institu-
tional mandate and mission. We first define what we are seek-
ing to do in terms of conserving and utilizing genetic diversity,
in the form of a quantifiable criterion. Maximizing an agreed
quantifiable criterion should be set as one of the genebank objec-
tives. If we accept that criterion as our best predictor of current
or expected future use value, and fix our budget so that we have
only to maximize our selected criterion—then we can begin to
solve the problem of choosing the optimal management strat-
egy.
4.4 Determining consequences for lumping and
splitting
With the above caveats, we can outline in principle the steps
that are required assess the economic costs of either lumping or
splitting accessions. We need to begin by identifying all the cost
elements of running the genebank (Table 1). We then need to
identify the basic operations like those presented by Pardey et al.
(2001)—e.g. acquisition, medium-term storage, long-term stor-
age, germination testing, dissemination, safety duplication, re-
generation, information management, general management.
Next, we need to consider the impact of lumping or splitting on
each of these activities presented, in accordance with the rel-
evant considerations described in Section 3.
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The nature of the economic assessment depends on the mag-
nitude and conditions of re-structuring that is being considered:
• If the splitting and/or lumping is to be undertaken with no
change in capital infrastructure, then we can simply ignore
the capital costs.
• If it is to be undertaken with no change in the complement
of senior scientists, then the total quasi-fixed costs must be
held constant. This means that any increase in senior scien-
tist inputs for one activity must be accompanied by an equiva-
lent reduction for other activities.
• If the genebank is assigned a non-negotiable fixed total
budget, then the same applies to the total for variable (labour
plus non-labour) costs.
Then, for each cost component of each activity, two key esti-
mates must be generated. First, we must determine the impact
on the number of accessions to be processed each year. For
storage this is simple: splitting an accession into two and dis-
carding the original increases the number stored by one; and
combining two accessions into one and discarding the originals
reduces the number stored by one. For germination testing there
will be, at least in the long-term, a pro rata increase/decrease
associated with splitting/lumping. For regeneration there might
be complex dependencies on usage. For dissemination and
chatacterization the genebank manager may have greater flex-
ibility in choosing which and how many accessions are dissemi-
nated and characterized each year, independently of the num-
ber stored.
Second, we must determine the impact on the efforts re-
quired to maintain the quality of the accessions processed each
year - and hence estimate the effect on average costs per acces-
sion. This is probably one of the most difficult parts of the
process. As outlined above, existing analyses of genebank costs
are retrospective, first calculating total economic cost and then
estimating average cost by dividing the total cost by the number
of accessions. For planning to lump or split, managers need to
estimate future average costs per accessions that will result from
a change in management procedures. For example, after careful
consideration of the elements of the handling procedure, we
might estimate that the average costs per accession will rise by
10%.
Then, the manager’s best estimate of the change in total costs
would be given by multiplying the expected change in costs per
accession multiplied by the change in total numbers of accessions
processed annually. By doing this we shall have completed the
achievable half of the economic analysis—impacts on economic
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costs. The remainder—impacts on value—is beyond the scope of
this document and beyond the achievements of any genebank
analysis undertaken to date.
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5 Accession management in specific
situations
In this section we consider some specific situations where split-
ting or combining accessions may be appropriate. We classify
accessions according to the breeding system of the species and
the magnitude of genetic variation present within them. We
also present a selection of examples for different collections
where different genetic, operational and economic constraints
have resulted in the application of contrasting management
decisions.
Different factors are relevant for clonal species, true-breeding
genotypes (inbreeders and apomicts) and outbreeders. For seed
collections (true-breeding and outbreeders), the relative impor-
tance of different factors varies with the magnitude of intra-
accession diversity. The scale of intra-accession diversity is il-
lustrated in three categories: varieties and breeders’ lines are the
most uniform, landraces are generally more variable, and wild
populations are usually the most variable. Each of these situa-
tions is exemplified here.
The difference between cultivated and wild populations lies
not only in the amount but also in the distribution of intra-
population diversity. It is usually distributed at random among
the genotypes of a landrace but non-randomly in wild
populations. Wild populations of many species of plant have a
remarkably small ‘genetic neighbourhood area’ (Crawford 1984;
Cahalan and Gliddon 1985; Beattie and Culver 1979; Kerster and
Levin 1968; Levin and Kerster 1968; Richards and Ibrahim 1978;
Schmitt 1980).5 The distribution of pollen and seed dispersal is
highly skewed: a small percentage of pollen and seed can often
be dispersed very large distances, but the vast majority falls
close to their parents. The precise distribution of dispersal
distances depends on the dispersal mechanism (e.g. the longest
documented dispersal distances are recorded for dispersal by
water and birds). However, the general principle that dispersal
is skewed, with most progeny falling close to the parent, applies
5 The area within which plants can be regarded as crossing at random. For
obligate outcrossers, this equals the variance of pollen dispersal distance
plus the variance of seed dispersal distance. The genetic neighbourhood
size is the number of plants of the species present within that area. The
genetic neighbourhood area defines the minimum scale for population sub-
division and should not be confused with larger scale effects of gene flow.
For example, although the genetic neighbourhood area of Lolium perenne
is estimated to be 8 m2, effects of gene flow on population structure can be
detected at distances of over 100 km (Monestiez et al. 1994).
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to most species regardless of dispersal mechanism. Thus, a small
genetic neighbourhood area is a feature of many plant species.
Some estimates are 2.5 m2 for the self-incompatible insect-
pollinated herbaceous legume Trifolium repens  L., and 8 m2 for
the self-incompatible wind-pollinated grass Lolium perenne L.
(Hayward and Sackville Hamilton 1997). This can be much
smaller than what appears as one physically continuous
population. Where the area covered by such a physical population
exceeds the genetic neighbourhood area, the population will be
subdivided into a large number of overlapping but genetically
distinct sub-populations, even if the site is homogeneous. The
implications of distribution of intra-population diversity will
also be considered below.
5.1 Clones
In the case of plants conserved as clones, each clone will nor-
mally be managed as a separate accession, and the concepts of
splitting and combining are then meaningless. The size of the
collection may, however, be reduced by eliminating accessions
that are found to be the same clone as another accession in the
collection (i.e. perfect duplicates). In such species, if there is a
need to reduce costs and duplicates cannot be found, alternative
efficiency measures must be considered, e.g. core collections.
When eliminating duplicate clones, just as when combining or
splitting accessions, it is important not to eliminate data on the
original accessions. For example, passport data on eliminated
clones remains valuable for studies of the ecogeographic distri-
bution of genetic diversity.
For species that are normally propagated and used as clones,
this will apply to all cultivated lines. Opportunities for combin-
ing are limited to accessions collected and stored as seed, which
may include wild relatives, landraces, and pre-commercial breed-
ers’ lines. Case Study 1 shows an example where the high cost of
conserving clones has made it economically effective to identify
and eliminate duplicates.
Clonal species that may be collected as clones but managed
as seed (for example temperate forages) would normally be
conserved as seed rather than as clones. Therefore, for genebank
management purposes, such species would be classified accord-
ing to their sexual reproduction, as described below. However,
the clonal population structure also has implications for collect-
ing methods (Sackville Hamilton and Chorlton 1995) including
the choice to split or combine at the point of collecting, collect-
ing each sub-population as a separate accession, or combining
all sub-populations to form one accession).
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5.2 True-breeding lines
These include apomicts, obligate inbreeders and artificially in-
bred lines. As described below, inbreeders may present good
opportunities for splitting. There may also be opportunities for
combining, as illustrated in Case Study 2 for accessions with
little associated passport data.
5.2.1 Varieties and breeders’ lines
Commercial varieties and late-generation breeders’ lines will
normally be genetically completely or almost completely uni-
form, comprising a single genotype. Splitting in this situation is
not an option.
For synthetic varieties and simple mixtures, all characters
will show full correlation by descent, so that splitting will be
fully effective in minimizing genetic variation within mixed
accessions. The normal recommended procedure would be to
split mixtures both in the base collection for conservation and in
the active collection for utilization. The mixture can and should
be reconstituted for specific evaluation of the mixture. The
Case Study 1. Potatoes at CIP
(Centro Internacional de la Papa, Lima, Peru)
Eliminating duplicate clones and splitting seed accessions in the Potato Collection
Since conservation of potato as clones in a field genebank is expensive, we decided it would be cost
effective to undertake a comprehensive assessment of duplication, and have achieved major savings by
reducing the size of the collection from 15 000 to 3500. Accessions stored as seed are genetically variable
so we decided we should assess whether they should be split, but found it was unnecessary.
Cultivars are maintained as clones in a field genebank, re-grown every year. The field genebank is backed up by
storage of tubers in cold stores, by in vitro culture of diverse accessions at two locations, and by conventional seed
conservation of the non-sterile accessions. Botanical seed are stored dried in medium- and long-term storage in
accordance with international standards for seed conservation. This multiple system is necessary for secure
conservation, but is expensive.
We therefore decided to look for and eliminate duplicate clones. The search involved a sequential process of
initial morphological characterization for preliminary identification of potential duplicates, followed by full morphological
characterization of those potential duplicates, followed by electrophoretic analysis of tuber proteins and esterase
isozymes in morphologically identical accessions (Huamán 1994, 1998). By this means we have identified 3500
genetically distinct cultivars in the original untyped collection of 15 000 clonal accessions, and have eliminated the
duplicates.
For accessions stored as seed, we had the opposite concern that maintenance costs are not high, but high
genetic variation within accessions means we risk losing diversity by drift. RAPD markers have been used to test for
genetic drift in the seed collection ex situ, and repeat collections have been made to compare with drift in situ. Large
changes have been detected in situ (Rio et al. 1997a), but no significant drift has been detected during regeneration
ex situ (Rio et al. 1997b). It is concluded that there is no need to split accessions to reduce drift ex situ.
Head of the Genetic Resources Unit, CIP, Lima, Peru
For more information see http://www.cipotato.org/projects/germplasm.htm
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genebank may also choose to retain a sample of the original
mixture, if doing so presents benefits that justify the additional
cost.
Combining identical accessions in this category is also likely
to be cost-effective, because of a relatively low cost of identify-
ing identical duplicates (i.e. accessions that have identical alleles
at all loci) and relatively high benefit of combining them. The
high benefit results from reduced cost and improved efficiency
of conservation and utilization, with zero loss of genetic integ-
rity. The low cost arises because two accessions with identical
registered names can be considered to have a high probability of
being biologically identical, so that confirmation that they are
indeed identical would require evaluation of only a few loci.
Therefore, combining identical duplicates is generally recom-
mended for such accessions. However, care needs to be taken in
identifying duplicates, because of possible identification errors
and possible contamination with alien pollen, genes or geno-
types. If two accessions with the same registered name were
genetically different, it would be necessary to determine which
Case Study 2. Flax at CGN
(Centre for Genetic Resources Netherlands, Plant Research International, Wageningen,
Netherlands)
Making the most of data-poor accessions
The flax collection at the Centre for Genetic Resources, Netherlands (CGN) contains many accessions with
almost no passport data. We decided it was wasteful to fill a collection with such poorly documented and
possibly similar accessions, so we chose to investigate the feasibility of identifying and combining
genetically similar ones. We were able to reduce the number of accessions in the group studied by over
50% with minimal loss of variation between accessions.
For about 30% of the flax accessions at the CGN, the only passport data available was a coded accession name
consisting of a few letters and a number, such as ‘M 25-341’ or ‘324-Rm’ for example. These names allowed
grouping of the material in series, such as the M 25 or the Rm series. To investigate the genetic relationships of the
accessions within and between the different series, an AFLP study was carried out on 29 accessions belonging to
three such series. Subsequently, an analysis of molecular variance (Excoffier et al. 1992) was used to compare the
genetic variation observed within and among accessions. Substantial differences in intra-accession variation were
observed and accessions that were not significantly different were bulked into groups. As a result, more or less
homogeneous accessions remained separate entries while more heterogeneous accessions could often be lumped.
Combining to reduce 29 accessions to 14, reduced the among-population component of variance by only 2.6%
while at the same time maintaining similar levels of variation among accessions (Treuren et al. 2001).
Loek van Soest
Curator CGN Flax collection
For more information see http://www.plant.wageningen-ur.nl/cgn/
46 IPGRI TECHNICAL BULLETIN NO. 5
is the true variety—but that is a question beyond the scope of
this document.
Much of the relative simplicity of research and breeding
varieties of such species lies in being able to produce and study
genetically uniform lines. Combining similar but not identical
accessions may remove some of this benefit. The curator will
therefore need carefully to evaluate the advantages and
disadvantages of combining such accessions before deciding
whether to do so.
5.2.2 Landraces and other mixtures
Landraces of true-breeding species can be ‘simple’ mechanical
mixtures from a genetic perspective. If they are genuinely 100%
true-breeding, they can be treated as synthetic varieties as above,
i.e. split for conservation in the base collection, and split and/or
maintained as the original for utilization in the active collection.
If, as is often the case, they are not entirely true-breeding,
then more care will need to be taken in how they are main-
tained. Conservation should be based on the normal practice for
maintaining the landrace in situ under the original cultural prac-
tices in the original environment. We note an important corol-
lary: efficient ex situ conservation of a landrace requires knowl-
edge of traditional cultural practices and environments of that
landrace—knowledge that is often missing. Collectors should be
trained to document this information when collecting, and any
collecting forms that do not already have relevant data fields
should be revised. Moreover, ex situ it is often difficult to mimic
the original in situ environment and traditional cultural prac-
tices. Therefore, consideration should be given to true in situ
conservation, and indeed to complementary in situ and ex situ
conservation.
In some cases, such as Sorghum in Yemen (Sackville Hamilton
and Al Khawlani 1981) and Phaseolus vulgaris L. in some African
countries, a landrace can be deliberately maintained as a mix-
ture by the farmer reconstructing the mixture each year. At each
harvest the farmer selects seed of each component, and re-mixes
them to form the seed mixture to sow the crop for the following
year. A curator conserving such a landrace ex situ should like-
wise split it into its components for conservation.
In other cases, the landrace is maintained by farmers as a
population, being harvested and sown as a self-maintaining mix-
ture. In such cases, splitting the landrace into its components may
be irreversible as it may not be possible to reconstitute the original
landrace by re-mixing the components. If possible and if consis-
tent with genebank objectives, splitting such landraces should
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generally be avoided. On the other hand, it is often not possible
for a curator to mimic the environment and traditional cultural
practices used for the landrace in situ, in which case, since the
landrace is genetically heterogeneous, it is expected to lose ge-
netic integrity rapidly, which is also undesirable.
The curator then faces a difficult choice—which is worse,
progressively losing genetic integrity by conserving the landrace
intact but in the wrong conditions, or losing genetic integrity
in one step by splitting with minimal subsequent further deg-
radation? One option could be to do both: maintain the origi-
nal intact in long-term storage and use it only for critical
landrace restoration or assessment; and split a sample into
components that can be used, regenerated and re-mixed fre-
quently with minimal progressive loss of genetic integrity.
If a curator decides to split a landrace, but considers it not
justifiable to maintain the original as well, the curator should
first at least examine the composition of the original sample.
Case Study 3 illustrates a situation where accessions are rou-
tinely split during regeneration if they are found to be a mixture
of easily distinguishable genotypes.
As illustrated in Case Study 4, for some purposes it can also
be acceptable to separate and use only one genotype from each
mixed accession while retaining the original.
As illustrated in Case Study 5, for some purposes it can also
be acceptable to increase uniformity within accessions by reduc-
ing population size, without trying to split and retain the origi-
nal within-accession diversity.
5.2.3 Wild populations
In the extreme case of zero outcrossing, pollen dispersal contrib-
utes nothing to dispersal of genes, and the variance of seed
dispersal distances is sufficient as an estimate of the area of
random maternity. The extent of genetic subdivision of wild
populations of inbreeders is therefore generally greater than for
outbreeders. Being true-breeding means that the characteristics
of progeny derived from each mother plant will show perfect
correlation by descent, or at least high correlation if they are not
quite 100% inbreeding or apomictic.
This situation largely fulfils the criteria for splitting on the
basis of the identity of the mother plant. Collecting and
conserving the seed of each sampled mother plant as a separate
accession will be highly effective in reducing genetic variance
within accessions, compared with bulking all seed collected to
create and conserve one accession to represent the entire physical
population. However, it is not ideal for splitting, since the
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Case Study 3. Landrace populations of self-pollinating crops
(Institut für Pflanzengenetik und Kulturpflanzenforschung, Gatersleben, Germany)
Splitting morphologically variable accessions to prevent loss of rare alleles
Landraces and other locally adapted germplasm can show a high degree of morphological diversity in a
collected sample. To counteract the possible loss of rare alleles while regenerating accessions of such
landraces of self-pollinating crops, the genebank of IPK for more than fifty years has been practising the
splitting of variable accessions into morphologically distinct lines.
The main aim of splitting is to retain as many as possible of the rare components of a population, thus
maintaining as much of the within-accession diversity as possible. Another reason is related to genebank manage-
ment practices: it is easier to detect results of unconscious selection, admixtures or mistaken identity of accessions
if they are homogeneous. Finally, the morphological infraspecific classification of cultivated plant species, as
practised at IPK’s genebank since its foundation in 1943, is only possible if accessions are homogeneous and can be
assigned, using botanical keys, to certain taxa which, in turn, are denominations for combinations of stable
morphological characters.
The first splitting usually takes place during collecting, or when processing the collected seeds in the genebank
immediately after collecting. Mixtures of different crops, or crop-weed mixtures, are first divided into components
comprising single species. Variable landraces may also be dissected using characters that can be seen on the seeds
or plants (e.g. two-rowed vs. six-rowed barley, seed colour in garden beans). The collector appends lower-case
letters to the collection number to designate the selections. For example, from a bean sample with the collection
number 3456 within a particular expedition, the sub-samples 3456a, 3456b, 3456c, etc. may be derived.
Upon arrival in the genebank, a preliminary accession number is assigned to each (sub)-sample. At the first
multiplication in Gatersleben (for which Lehmann and Mansfeld 1957, recommend a larger plot size than the
standard size of 2.5 m2 for cereals), the within-accession variation is carefully observed, and morphologically distinct
lines are harvested separately. From each of these lines, a herbarium sample, or in case of cereals, a spike bundle,
is taken to document the morphological characteristics of the accession, together with a seed sample, for later
comparison purposes. The original population is also maintained as a separate accession and designated as such.
This process is continued at up to three multiplications until a stable situation is reached (i.e. no further segregation
occurs), or until it becomes obvious that the offspring of the ‘pure’ lines will be segregating again, in which case the
accession will be maintained as a variable population only. Segregations occurring at later generations are
eliminated, because the probability that they are the result of admixtures, spontaneous mutations or cross-
pollination, increases with each regeneration cycle. The offspring of the single lines is being compared with the
herbarium or spike samples to ensure stability of character expression. Upper-case letters are appended to the
preliminary, or later the final, accession number to designate derived accessions. For example, a legume accession
with the preliminary Gatersleben accession number V 147 may have been split up into V 147 A, V 147 B, V 147 C,
etc.
For example, several oat samples collected in Czechoslovakia have been split up into 20 and more lines, the
maximum being 34 for collection number 574 from Hvozdnica, western Slovakia of the IPK expedition in 1981; the
derived lines were classified into 4 different botanical varieties. Collected samples from Iran, Ethiopia, Libya and the
Balkan area have been subdivided into 20 and more lines. H. Kuckuck (expeditions in Iran in 1952-1954) seems to
have assigned one collection number per site. Collection number 9 from Behbahan gave rise to a total of 44
genebank accessions of Hordeum vulgare (2 lines, 1 botanical variety), Linum usitatissimum (19 lines, 2 varieties),
Triticum aestivum (13 lines, 7 varieties), and T. durum (10 lines, 7 varieties).
This practice was first described in 1957 (Lehmann and Mansfeld, 1957), and with minor adjustments, it is still
practised today.
This approach leads to an increase of the number of accessions that to be maintained in the genebank. Among
ca. 90 000 accessions maintained at IPK’s genebank headquarter in Gatersleben, ca. 38 000 originated from
collecting expeditions. Approximately 14 500 of these accessions resulted from splitting-up collected samples of
landraces.
Helmut Knüpffer
Head IPK Genebank Documentation
For more information see Lehmann and Mansfeld (1957)
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Case Study 4. The International Barley Core Collection
Even landraces are forced to be homogeneous in the Barley Core Collection
The International Barley Core Collection provides standard material for barley research. Therefore, it was
decided to include as far as possible homogeneous homozygous lines, to ensure that different scientists
use the same genotype when they use the same accession from the Barley Core Collection.
The idea behind the International Barley Core Collection (BCC) was to create a stable set of between 2000 and
3000 barley genotypes that represent the genetic diversity in barley, including landraces and wild species. We
wanted to guarantee full comparability of results obtained by different research groups around the globe and across
years by ensuring that all studies are based on an identical set of genotypes. For example, we wanted the AFLP
fingerprints generated at one place to be produced by the same genotypes that expressed a level of drought
tolerance determined somewhere else. This combination of results creates a tremendous added value.
To achieve this we chose to select only one homozygous line by SSD (single seed descent) to represent each
genebank accession to be included in the BCC, even if it was initially heterogeneous, such as in the case of
landraces and the wild progenitor of barley (Hordeum vulgare ssp. spontaneum). From each heterogeneous
genebank accession we selected only the single most abundant genotype and split it from the remainder of the
genebank accession to form the BCC accession. We had three important reasons for this:
1. we avoid the risk of one scientist choosing one genotype and another scientist choosing another from the
same accession, so that results can be truly comparable across laboratories;
2. we avoid changes in genetic composition of accessions during regeneration, so that results can be truly
comparable across generations,
3. we allow the documentation to be simple, one score per trait per accession per trial.
Owing to the difficulty of multiplication, accessions of other wild inbreeding species in the BCC have been
established from few original seeds (not SSD) and may thus be heterogeneous. The two outbreeding, self-
incompatible Hordeum species are maintained as populations.
Because of the benefits of homogeneity, we accepted the disadvantage that it would not be possible to use the
BCC to study diversity within landraces and wild barley populations. The link with the original accession is
documented, so that for such studies it is always possible to go back from the BCC accession to the original
heterogeneous accession maintained somewhere in a genebank.
Roland von Bothmer
Chairman Barley Core Collection committee
For more information see Knüpffer and van Hintum (1995)
population would have to be split into a large number of
accessions—one for each mother plant sampled. Therefore, doing
so risks making the genebank collection very much larger and
more expensive—for example, if seed are collected from 100
plants per field, then the choice to split or not is a choice to make
100 or 1 accession from one field. Therefore, the curator needs to
be sure that the advantages of splitting are large enough to
justify its high costs.
The decision to split or combine on the basis of the identity of
the mother plant must be undertaken at the time of collecting.
Once seed from different plants are mixed, it is not possible to
separate them again later, and therefore a decision to bulk seed
and to conserve them as one accession is irreversible. It should
also be noted that many population genetics studies require
seed to be harvested separately from each mother plant. For
example, estimates of inbreeding coefficients in the field, the
magnitude of population subdivision, the extent of gene flow
and the strength of selection pressures are impossible from a
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bulk sample. Therefore, a decision to bulk is not only irrevers-
ible but also rules out a large area of research.
Often the collecting site is clearly heterogeneous. For ex-
ample,
• the species being collected may occur in more than one
distinct type of vegetation on the same site. Spatial hetero-
geneity of vegetation is a feature of almost all plant ecosys-
tems, whether ruderal or permanent, whether herbaceous,
shrubby or forested. That is, an ecosystem does not com-
prise a uniform mixture of all its species; rather there are
more or less discrete patches of different kinds dominated
by different species. Each species in the ecosystem may
occur in more than one type of patch.
Case Study 5. Lettuce at CGN
(Centre for Genetic Resources Netherlands, Plant Research International, Wageningen,
Netherlands)
Accepting drift to increase number of accessions
Since regenerating lettuce is rather difficult and expensive, the Centre for Genetic Resources, Netherlands
(CGN), has chosen to concentrate on the diversity between accessions rather than the diversity within
accessions.
Regenerating lettuce is very labour intensive. Seeds are sown, young plants are potted in a greenhouse, flowering
plants staked to prevent lodging, and seeds are harvested manually. The plants have to be protected from a number of
pests and diseases. Furthermore, depending on the species, a treatment of seeds to break dormancy, vernalization of
germinating seeds or a gibberellic acid treatment of young plants is required to induce flowering. A few species are cross-
pollinating and need isolation and insect pollination. The inflorescences of wild species need to be wrapped up in
perforated polythene bags to prevent the seeds from floating all through the green house. Apart from labour costs there
are also high costs involved in the taking and testing samples of each plant for Lactuca Mosaic Virus.
Since using the ‘normal’ number of plants (100 according to ‘Genebank Standards’: FAO 1994) for regeneration
was so expensive, we decided that only 8 plants would be used for cultivars, which can be assumed to be
homogeneous, and 16 plants for heterogeneous landraces and wild species. This implies that the chance of losing
alleles as a result of drift is considerable (see table), but, on the other hand, it became feasible to manage a much
larger number of accessions. This approach increases diversity between accessions, by accepting a reduction of
within-accession variation, and thus allows the genebank to conserve more accessions without increasing the
overall cost for conservation.
Chance of losing a selfing genotype in two
regenerations with different initial frequencies
and population sizes.
Number Initial frequency of genotype
of plants 0.05 0.10 0.20 0.50
8 0.77 0.58 0.32 0.03
16 0.59 0.34 0.10 0.00
50 0.20 0.04 0.00 0.00
100 0.04 0.00 0.00 0.00
                Ietje Boukema
                                   Curator CGN lettuce collection
           For more information see www.cpro.dlo.nl/cgn
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• grasses may be found on and off a path;
• in an undulating site, plants may be found on the dry tops as
well as in the wet hollows;
• in a forest site, understorey species may be found in the
shade of a tree or in an unshaded gap in the forest.
In these cases, separate samples should normally be collected
from each distinct microenvironment. The decision to split or
combine must be taken at the time of collecting. A decision to
combine at the point of collecting is irreversible, and makes the
accession valueless for research on evolutionary adaptation to
the micro-environmental heterogeneity.
A decision can be determined by the objectives of the
genebank; Case Study 6 illustrates a situation where a decision
to split by parent or not when collecting depends on whether
there is a need to study population genetics.
Case Study 6. Lettuce at CGN
(Centre for Genetic Resources Netherlands, Plant Research International, Wageningen,
Netherlands)
A wild inbreeding population: one or many accessions?
A scientist might be interested in a population, a breeder in a pure line. A genebank has, apart from these
users demands, also to consider biological and financial constraints. The result is a pragmatic approach, as
will be illustrated with the CGN lettuce collection.
The common sampling strategy for wild populations is to collect seeds randomly, from as many plants as
possible at one site, trying to collect all alleles present in the population. Hawkes (1980) advises to collect 100 plants
from highly variable populations and 50 plants from uniform populations. In practical situations this is not always
achievable.
For genebank material it is often not known how many plants were collected. The most common wild relative of
lettuce is L. serriola, a species with a high selfing rate. The material of this species in the CGN lettuce collection,
was, as far as we know, collected from between 1 and 60 plants. This high variation in plant number was caused by
differences in size of the collected population, or availability of seeds on the plants in the population at the time of
collecting. Another important factor is the collector’s strategy; some collectors collect single plants, and call each
plant an accession.
Users of the lettuce collection sometimes complained because they expected homogeneous accessions, but
obtained variable results when they screened accessions for resistances or other characters. This causes problems
in discriminating between resistant plants and plants that were not properly inoculated. In such cases progeny
testing is required before parent plants can be selected for further breeding.
The preference of users for homogeneous material from genebanks implies that lines of a population should be stored
instead of the population itself. Splitting a population into lines can be done during collecting, by sampling single plants
instead of populations, or later, for example during the first regeneration. CGN stores each complete wild lettuce
population as an accession. Only if very different morphotypes appear during the first regeneration, these will become
separate accessions. Since, due to limited regeneration capacity, only 16 plants per population are regenerated, the
conserved lettuce populations will suffer from drift narrowing down the diversity within the population.
Collection of populations from as many different origins as possible should be attempted. Especially in the case
of wild species, the diversity between accessions can be considered more important than the diversity within
accessions.
Ietje  Boukema
Curator CGN lettuce collection
for more information: Hawkes (1980)
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Case Study 7. Managing temperate forages at IGER
(Institute of Grassland and Environmental Research, Aberystwyth, UK)
Temporary archiving: an efficient alternative to combining
The Genetic Resources Unit (GRU) at IGER has determined that it would not be economically viable to
attempt to rationalize by combining duplicate accessions. We chose instead to reduce costs by identifying
a subset of the collection most relevant to current breeding and research objectives, keeping only that
subset active, and temporarily ‘archiving’ the rest of the collection.
In our situation, combining accessions would bring little economic benefit because conservation costs per se
are low (full cost ~€0.2 year-1 accession-1), would be detrimental to utilization because it is difficult to evaluate
variable accessions and identify rare alleles, and would be detrimental to conservation because of the resulting
increase in within-accession diversity. The costs of identifying duplicate accessions to be combined are high and
the probable frequency of duplicates low, because accessions are highly variable and historically duplicate
accessions are likely not to be biologically duplicate. Even historically duplicate copies of commercial cultivars with
identical registered names are known to be biologically distinct. As a consequence, identification of duplicates
would require an exceptionally detailed molecular characterization of large numbers of plants from each accession.
Therefore attempting to reduce the size of the collection by combining accessions would be economically and
genetically detrimental, and we choose not to do so.
Utilization costs are orders of magnitude higher (full cost to the GRU ~€80 year-1 donation-1 for donating
accessions to external users, and ~€1000 year-1 accession-1 for utilization by the GRU for routine characterization
and evaluation). By definition, most of any good PGR collection has low value for current utilization, and is being
conserved for its potential value for future breeding and research objectives. Our users do not want immediate
access to most of the collection. Therefore, maintaining the entire collection active for current utilization is
unnecessary and, given the high cost of utilization, economically wasteful. Therefore, given the low cost of
conservation, we choose to conserve the entire collection intact but to keep only a targeted subset in the active
collection available for current use, temporarily ‘archiving’ the remainder for future use. Success of this approach
depends on close collaboration with users, on being highly responsive to changing users needs, on being able to
define a subset optimized for current use, and on being able easily to bring an archived accession back into use
when required.
N R Sackville Hamilton
IGER GRU
For more information see http://www.igergru.bbsrc.ac.uk/
5.3 Outbreeders
All kinds of populations of outbreeding species generally show
relatively high levels of genetic variation within populations,
even when selected for uniformity as is the case with varieties
and breeders’ lines. Many agronomically important characteris-
tics show continuous distributions with low correlations be-
tween characters. It is therefore usually not appropriate to split,
but in some situations, it may be appropriate to combine.
5.3.1 Varieties and breeders’ lines
It can be appropriate to combine duplicate varieties, for similar
reasons outlined for the inbreeding species described above.
However, because they are genetically variable, the costs of
identifying duplicates can be higher and the benefits can be less
clear. Two accessions that share the same registered name are
likely to be similar but not identical. Combining them will there-
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fore generally increase diversity within the accession, and the
curator needs to determine whether this is acceptable. For ex-
ample, the genebank at IGER contains 15 accessions of the Lolium
perenne cultivar ‘S23’. This is an old variety that remained popu-
lar for many years and is genetically more variable than the
modern cultivars. There is evidence that the genotypic composi-
tion of the commercial product has changed significantly over
the years, and assessing the extent and cause of the change is a
potential research topic. Combining the accessions into one would
prevent any such research, and therefore a decision has been
taken to retain them as separate accessions instead of combining
them (see Case Study 7).
5.3.2 Landraces
Landraces of outbreeding species are genetically more variable.
They contain much continuous, multi-dimensional and hidden
Case study 8. Cabbage at CGN
(Centre for Genetic Resources Netherlands, Plant Research International, Wageningen,
Netherlands)
Reducing the number of cabbage and brussels sprouts accessions
The Brassica collection at the Centre for Genetic Resources, Netherlands (CGN) contains many genetically
similar selections of the same landraces. Since regenerating Brassicas is rather difficult and expensive, we
have chosen to combine them, and by doing so have reduced the number of accessions in the collection by
80%.
The Netherlands has a long history of selection and breeding of Brassica oleracea. Breeders and farmers have
made their own selections of landraces and old cultivars. The Dutch material in the CGN B. oleracea collection
consists to a large extent of such selections, many of which are derived from a limited number of parental landraces,
so-called ‘umbrella varieties’. Since cabbage is an insect pollinated biennial crop, and regeneration is difficult and
expensive, it was decided to limit the number of accessions as far as possible (Boukema and Hintum 1994).
Sometimes up to 16 selections were combined to reconstruct one umbrella variety.
Material derived from the same umbrella variety was planted side by side. Assisted by B. oleracea experts
involved in commercial plant breeding and variety registration, groups of very similar selections were composed.
Other selections were kept as individual accessions. In some cases a number of groups from a single umbrella
variety were created on the basis of maturity or other distinctive traits. As a result the number of accessions in the
CGN collection of Dutch B. oleracea was reduced from 273 to 54, a reduction of 80%.
Subsequently, the process of lumping accessions was validated by an isoenzyme study, using a number of
cabbage and Brussels sprouts groups. We tested the hypothesis that isoenzyme markers would correctly place a
single accession in one of the groups. It appeared that most of the accessions were correctly classified. All
misclassifications were within similar groups. In two cases the isoenzyme patterns suggested that the groups could
have been even larger. In one of these cases this was a real option since it involved two groups made from the same
umbrella variety. In the other case it involved groups with a common genetic background but a distinct identity as
defined by morphology and history (Hintum et al. 1996).
Ietje Boukema
Curator CGN Brassica collection
For more information see http://www.plant.wageningen-ur.nl/cgn/
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variation. Splitting is therefore not generally effective. More-
over, reconstituting a landrace after splitting can be difficult. If
we can assume that gene frequencies in the original landrace
were in Hardy-Weinberg equilibrium, then reconstitution re-
quires a cycle of seed multiplication after re-mixing the compo-
nents in the correct proportions in order to regenerate the origi-
nal heterozygote frequencies. The additional economic cost and
time delay involved in reconstituting a landrace from its compo-
nents must be considered as part of a decision on whether to
split.
Case Study 9. Collecting temperate forages at IGER
(Institute of Grassland and Environmental Research, Aberystwyth, UK)
Accepting drift to reduce shift and contamination and improve utilization
Since variable accessions and rare alleles are difficult to utilize, and since the potential loss of diversity by
shift and contamination is high, the Genetic Resources Unit at IGER (GRU), has chosen to concentrate on
controlling shift and contamination to maintain diversity between accessions. We decided that an increase
in drift and loss of diversity within accessions is acceptable for conservation and beneficial for utilization.
Much of the variation within accessions is continuous and multi-dimensional with low correlations between
characters. Therefore the conditions for splitting are not met in genebank accessions. On the other hand, splitting at
the time of collecting a wild population can be appropriate. Wild populations are genetically highly variable for many
characters of evolutionary and agronomic value. Some of the genetic variation within populations is associated with
adaptation to easily identifiable micro-environmental heterogeneity within the site, for example a path through a
pasture. We form a separate accession for plants collected from each obviously distinguishable micro-environment,
to improve conservation, utilization and evolutionary research. For example, collecting separate accessions from
nearby plants on and off a path through one site provides an efficient basis for conserving, identifying and studying
genes for trampling tolerance.
Even in an apparently uniform site, we find much genetic variation within populations, and genetically distinct
subpopulations. We also find a strong genetic shift associated with collecting seed samples of perennial forage
species (Hayward and Sackville Hamilton 1997). To avoid this shift we collect vegetative samples (usually 30 adult
plants per population) and produce seed for storage in isolation chambers from the original vegetative plants (Sackville
Hamilton and Chorlton 1995). One consequence of collecting 30 plants per population is that our accessions have a
small effective population size, we reduce genetic variation within accessions, and we do not effectively conserve rare
alleles. Although this may be regarded as a disadvantage in terms of PGR conservation, it has benefits for utilization
since the reduction in diversity within accessions facilitates evaluation and is essential for breeding. It replaces a cycle
of pre-breeding that would otherwise be needed to reduce diversity within accessions.
The small population size also enables regeneration and storage procedures to be modified in a number of ways
to reduce genetic shifts and eliminate genetic contamination, and thus conserve diversity between accessions more
effectively. The set of modifications represents an integrated package, but one modification is of particular
relevance to this publication. One result of the set of modifications is that it costs us almost nothing extra to store the
seed of each original mother plant in a separate container while managing the population as one accession. Apart
from improving conservation by reducing genetic shift during subsequent regeneration cycles, this also maintains
some of the original population structure needed for population genetics studies, and maintains high correlation by
descent between characters of seed from each plant. We can therefore at any time choose to split an accession by
mother plant, and do so whenever research requirements indicate that it would be beneficial.
N R Sackville Hamilton
IGER GRU
For more information see http://www.igergru.bbsrc.ac.uk/
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Combining similar landraces may be an option for some
purposes. Case Study 8 shows an example where similar
landraces have been combined to create umbrella landraces.
5.3.3 Wild populations
The principles are broadly similar to those for wild populations
of inbreeding species, except that there is more genetic variation
within populations and thus more heterozygosity. Wild popula-
tions can be divided into highly distinct sub-populations (Hay-
ward and Sackville Hamilton 1997). For example, a series of
studies on Trifolium repens  (reviewed by Sackville Hamilton
1989) has shown differentiation with respect to many
micro-environmental variables, even in a superficially homoge-
neous site. In perennial grasses, intra-population variation in
reproductive output can be very high (Sackville Hamilton 1999),
implying the possibility of large and rapid genetic changes dur-
ing regeneration. Rapid genetic shifts in response to selection in
newly sown pastures are well documented (e.g. Brougham and
Harris 1967; Charles 1964; Falkner and Casler 2000). These indi-
cate that high priority should be attached to limiting genetic
shifts during regeneration.
A decision to attach high priority to limiting genetic shifts in
accessions has implications for many aspects of genebank man-
agement, including not only collecting methodology but also
regeneration, storage and chatacterization, is illustrated in Case
Study 9.
As with wild populations of inbreeding species, a decision to
split or combine must be made at the time of collecting; a deci-
sion to combine during collecting is irreversible. Splitting into a
separate sample for each identifiable micro-environment within
a site is always recommended. Finer splitting is necessary for
more detailed population genetics studies on the structure of
genetic variation within populations. Such studies are an essen-
tial component of improving our understanding of the causes
and implications of genetic diversity.
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6 Provisional recommendations
It is not appropriate to give definitive recommendations, in part
because of inadequate knowledge. We know in principle that a
decision to split or lump has genetic and economic implications
for conservation and for utilization, and we know in principle
that we should not choose an action if its economic and genetic
costs are too high relative to its economic and genetic benefits.
But we have failed to find even a single case study where
decisions have been based entirely on a quantitative cost-benefit
analysis. All the case studies above include at least an element of
qualitative subjective assessment, even those that have included
some quantitative analysis. Therefore this document is intended
rather to promote further consideration of the issues and to
highlight the knowledge gaps.
Moreover, the curator’s decisions should depend critically on
the objectives of conservation and utilization, so we can do little
more than to identify the tools available to help the curator
choose a strategy.
In this spirit, the following may be regarded as provisional
recommendations pending further research and discussion.
1. Do not split or combine unless the reasons are clear. The
reasons must arise from a consideration of policy, genetic
and economic implications in relation to your genebank
objectives.
2. If you choose to split or combine, always retain data on the
original accession(s) in your database, and always docu-
ment how you split or combined—you may need that infor-
mation later.
3. If you choose to split or combine, if possible also keep a low-
cost backup of seed of the original accession(s) (i.e. store and
document, but do nothing more with the seed or data) in
case of wrong decisions. Even if your decision is right for
today’s technologies and objectives for conservation and
utilization, it may become wrong in the future as technolo-
gies develop and objectives change.
4. If you choose to split but cannot keep a backup of the
original before splitting, first determine the composition of
the original sample as much as possible—you may need that
information later.
5. If you keep separate base and active collections, consider
making separate decisions for them; for the base collection
choose what is best to meet your conservation objectives,
and for the active collection choose what is best to meet your
utilization objectives. For example,
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– Split for the base collection (e.g. if this improves long-term
conservation of genetic integrity), and lump for the active
collection (e.g. if this improves usage efficiency).
– Maintain a landrace intact in the base collection (to con-
serve a sample of the original), and split in the active
collection (if this reduces cumulative loss of genetic integ-
rity by frequent use and regeneration).
6. If your decisions to split or lump are user-driven, remem-
ber that different users have different needs. For example,
breeders may prefer landraces to be split into genetically
more uniform components that are easier to incorporate
into a breeding programme, whereas a traditional commu-
nity requesting repatriation of its landraces will require
them to be repatriated complete with their full original
diversity.
7. Split under the following conditions:
– Split while collecting, regardless of breeding system, if it
improves conservation and or utilization.
– Split while collecting as much as possible (down to sepa-
rate mother plants or even separate flower heads), regard-
less of breeding system, if intended usage includes re-
search into population genetics structure.
– Split mixtures at any time (e.g. during regeneration or
evaluation) for inbreeding but not outbreeding species—
but only if splitting is compatible with users’ objectives
and with the economics of conservation and utilization.
8. Lump under the following conditions:
– Maintenance (regeneration, storage, germination testing)
or evaluation costs per accession are high.
– Costs of identifying duplicates are relatively low.
– Usage is more efficient.
– The value of the accessions to be combined lies more in the
diversity of genes that they jointly possess than in the
specific genotypic composition of each accession. For ex-
ample, if nothing is known about the origin or characteris-
tics of an accession, there is little to be gained by investing
resources in maintaining it in its original state.
– There is no requirement to assess genetic variation be-
tween the original accessions.
9. Consider alternatives to lumping and splitting, since these
are only two of the tools available to improve management
efficiency. For example:
– Reduce costs by combining the base and active collections
(D. Debouck pers. comm.)—but only if this does not
exacerbate conflicts between conservation and utilization.
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Standard recommended practice is to maintain them
separately (FAO 1994) in order to resolve such conflicts.
– Eliminate rather than combine duplicates—but only for
perfect clonal duplicates.
– Reduce costs by archiving instead of combining—but only
if this is compatible with intended use.
– Reduce costs of regeneration by reducing the number of
parent plants—but only if this is compatible with intended
use and conservation objectives.
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7 Conclusions
In this document we have demonstrated that curators should
not consider an accession as a fixed entity. Conserving an acces-
sion ‘as is’ may be regarded as an appropriate default action in
the absence of good reasons to do otherwise. Nevertheless, sub-
ject to careful analysis of genetic and economic consequences in
relation to genebank objectives, curators should be prepared to
consider splitting or combining accessions to optimize the
genebank’s efficiency. Decisions may be made to reduce run-
ning costs, increase the economic and/or genetic efficiency of
conservation, increase the economic and/or genetic efficiency of
identifying alleles for utilization, or increase the range of types
of research that can be undertaken with an accession. We have
discussed the issues that need to be considered in reaching a
decision, and we have presented a number of specific situations
where splitting or combining is appropriate. The specific ex-
amples presented are not comprehensive. We hope, however,
that we have given a sufficient variety of examples to encourage
other curators to think about improving their own situation in
these or in other ways.
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